The Intensive Culture of Crayfish, Procambarus Clarkii (Girard), in a Recirculating Water System. by Goyert, Jonathan Craig
Louisiana State University
LSU Digital Commons
LSU Historical Dissertations and Theses Graduate School
1978
The Intensive Culture of Crayfish, Procambarus
Clarkii (Girard), in a Recirculating Water System.
Jonathan Craig Goyert
Louisiana State University and Agricultural & Mechanical College
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_disstheses
This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in
LSU Historical Dissertations and Theses by an authorized administrator of LSU Digital Commons. For more information, please contact
gradetd@lsu.edu.
Recommended Citation
Goyert, Jonathan Craig, "The Intensive Culture of Crayfish, Procambarus Clarkii (Girard), in a Recirculating Water System." (1978).
LSU Historical Dissertations and Theses. 3231.
https://digitalcommons.lsu.edu/gradschool_disstheses/3231
7903126
GO Y E R T ,  J O N A T H A N  C R A I G
THE I N T E N S I V E  C U L T U R E  OF C R A Y F I S H ,
P R O C A M B A R U S  C L A R K I I  ( G I R A R D ) ,  IN A 
R E C I R C U L A T I N G  H A T E R  S Y S T E M .
i
T H E L O U I S I A N A  S T A T E  U N I V E R S I T Y  AND 
A G R I C U L T U R A L  AND M E C H A N I C A L  C O L . ,  P H . D . ,  1976
International 300 n . z e e b  r o a d , a n n  a r b o r , m i 4b io6
© 1978
JONATHAN CRAIG GOYERT
ALL RIGHTS RESERVED
THE INTENSIVE CULTURE OF CRAYFISH, 
Procambarus clarki.1 (GIRARD),
IN A RECIRCULATING WATER SYSTEM
A Dissertation
Submitted to the Graduate Fdculty of the 
Louisiana State University and 
Agricultural and Mechanical College 
in partial fulfillment of the 
requirements for the degree of 
Doctor of Philosophy
in
The Department of Marine Sciences
by
Jonathan Craig Goyert 
B.S., University of Michigan, 1973 
B.S.E., University of Michigan, 1973 
M.S., Louisiana State University, 1975 
M.Ap.Stat., Louisiana State University, 1977
August, 1978
ACKNOWLEDGMENTS
X would like to thank the members of my graduate committee: 
Dr. James W. Avault, Jr., my major professor, and Professors 
John W. Day, Jr., James G. Gosselink, Joseph N. Suhayda, and 
Prentiss E. Schilling for their help and guidance throughout 
the study.
I would also like to thank Ronnie Bean and Ubaldo Cossio
«
for their assistance in constructing the system. Thanks are
also extended to Doctors Jay Huner, Fi;ed Bryan, John Jones, and
\
Samuel Meyers for their assistance in their fields.
Special thanks go to Ms. Karen Daniels for her patience 
and understanding during the entire study. Her help in editing 
and typing the final manuscript was invaluable.
This study was supported by the Louisiana Sea Grant 
Program, a part of the National Sea Grant Program maintained 
by the National Oceanic and Atmospheric Administration, U.S. 
Department of Commerce.
A
!
ii
TABLE OF CONTENTS
PAGE
ACKNOWLEDGMENTS.........................................  ii
LIST OF T A B L E S .........................................  iv
LIST OF FIGURES.........................................  vi
A B S T R A C T .................................................. vii
INTRODUCTION .........................    1
LITERATURE REVIEW ....................................... 5
Advantages of Crayfish Culture .....................  5
Culture Systems ....................................... 9
Crayfish Behavior ..................................... 17
MATERIALS AND METHODS.........................   22
The Recirculating Water System .  .................  22
Crayfish Growth and Survival Experiments ........... 28
Substrate-Density Experiment ...................... 31
Substrate Experiment ..............................  32
Container Size Experiments ........................ 32
Density-Temperature Experiments . . . . . . . . .  34
RESULTS AND D I S C U S S I O N ................................  36
The Recirculating Water System . . . . .  ........... 36
Substrate-Density Experiment ........................ 40
Substrate E x p e r i m e n t ............................... . 44
Container Size Experiments ..........................  50
Density-Temperature Experiments ...................... 61
GENERAL DISCUSSION ...................  . . . . . . . .  69
LITERATURE CITED .................  . . . . . . . . . .  76
A P P E N D I X ...............................................  85
V I T A ................................    92
iii
LIST OF TABLES
TABLE PAGE
1. Summary of crayfish (P. clarkii) growth and 
survival experiments conducted in a recirculating 
water s y s t e m ......................................... 29
2. Water quality measurements among eight tanks 
stocked with crayfish at densities ranging from
0 to 50/m2, averaged over the 6-week study . . . .  37
3. The average water quality of eight tanks stocked
with crayfish at densities ranging from 0 to 50/m2 
for each of 6 sampling dates in the system testing 
study...............................................  38
4. Growth, survival, and percentage Form I male for
crayfish (P. clarkii) reared for 65 days at two
densities and three substrate types in a 
recirculating water system ........................ 41
5. Growth, survival, and percentage Form I male for
crayfish (P. clarkii) exposed to five substrate
configurations for 56 days in a recirculating
water system  ..................................... 45
6. Initial size and growth of crayfish (P. clarkii) 
grown in a recirculating system for three 10-day 
periods in four container sizes (study 1)......... 51
7. Growth models for crayfish (P. clarkii) grown in 
seven container sizes in a recirculating water 
system. Studies 1 and 2 ..........................  52
8. Initial size and growth of crayfish (P. clarkii) 
grown in a recirculating system at seven 7-day 
periods in three container sizes (study 2) . . . . 56
9. Growth and survival of crayfish (P. clarkii) 
reared at four densities and four temperatures for
42 days in a recirculating water system (study 1). 62
10. Growth and survival of crayfish (P. clarkii)
reared at four densities and four temperatures for 
60 days in a recirculating water system (study 2). 65
iv
LIST OF TABLES (CONTINUED)
TABLE PAGE
11. Analysis of variance for the variable total
length in the substrate-density experiment . . . .  86
12. Analysis of variance for the variable total
length in the substrate experiment ...............  87
13. Analysis of variance for the variable total
length in container size study 1 ................... 88
«
14. Analysis of variance for the variable total
length in container size study 2 ................... 89
15. Analysis of variance for the variable total
length in the density-temperature study 1.........  90
16. Analysis of variance for the variable total
length in the density-temperature study 2 ........... 91
v
LIST OF FIGURES
FIGURE PAGE
1. Top and side views of the recirculating
water system.............................. 24
2. Air-stripper and air-lift tube assembly............27
3. A comparison of growth rates among four
container sizes in the first study..................54
4. A comparison of growth rates among three
container sizes in the second study .............  58
vi
ABSTRACT
This study is concerned with the intensive culture of 
crayfish (Procambarus clarkii) in a recirculating water system.
A recirculating system was designed and constructed for 
research investigations into crayfish biology, physiology and 
behavior under culture conditions. It consisted of eight 
individually heated tanks, each partitioned into several 
compartments for holding organisms. The water quality in the 
individual tanks was maintained via a bottom covering biologi­
cal filter powered by an air-lift pump coupled with an air- 
stripping device.
The results of a system-testing experiment indicated:
(1) that crayfish can be grown at high density in recirculating 
water systems without adversely affecting water quality, and
(2) the system, as designed, provided nearly identical water 
quality parameters in all tanks.
Following the development and testing of the recirculating 
system, a series of experiments was conducted to ascertain the 
effects of stocking density, substrate configuration, tempera­
ture, and container size on the growth and survival of cray­
fish.
The results of an experiment testing the effects of two 
2 2densities (10/m and 40/m ) and three substrate configurations 
(surface area, hiding-place and control) indicated no
vii
significant differences in growth or survival due to density, 
but highly significant differences due to substrates. Cray­
fish reared with the surface area substrate exhibited larger 
growth and higher survival than crayfish reared in controls 
(no substrate). Crayfish reared with hiding-place substrates
exhibited the smallest growth and lowest survival.
o
A high density (100 crayfish/m ) study with five sub­
strate configurations (horizontally oriented surface area, 
vertically oriented surface area, crab nets, hiding-places, 
and control) indicated good growth an<l survival of crayfish 
reared on either surface area substrate, followed by crab 
nets and control. The growth and survival of crayfish reared 
with hiding-place substrates again exhibited the poorest 
growth and lowest survival.
The results of two container size experiments indicated 
that crayfish growth becomes limited before they are physi­
cally constrained by the enclosure. Crayfish reared in con-
2 2tainers ranging in size from 4.9 cm to 660 cm exhibited 
highly significant differences in growth rate (the smaller 
the container, the slower the rate of growth). Results 
indicate, however, a potential for rearing large numbers of 
small crayfish during early development in recirculating 
systems.
The results of two density-temperature experiments indi­
cated that crayfish growth was significantly greater in tanks 
heated above ambient controls.
viii
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The results of a low density (10-*-40/m ) experiment indi­
cated significant differences in growth but no significant 
differences in survival, whereas a high density (10-*- 200/m ) 
experiment indicated no significant differences in growth but 
highly significant differences in survival. The best growth 
and survival occurred at lower densities in both experiments. 
Results of the density study suggest that rearing crayfish
2
in recirculating systems at densities greater than 20-25/m (
without suitable substrates, will result in significantly
lower survival without any significant differences in growth.*
INTRODUCTION
A number of commercially important decapod crustaceans 
are being investigated as potential aquaculture candidates 
(Avault 1973, Shleser and Tchobanoglous 1974, Forster and 
Beard 1974, Sandifer and Smith 1976). At this time, crayfish 
(Procambarus clarkii) culture is the only large scale economi­
cally feasible aquaculture venture in the United States 
(de la Bretonne 1977). Research conducted at Louisiana State 
University has shown that crayfish can be successfully grown 
in extensive aquaculture systems (earthen ponds). Pond pro­
duction currently entails over 18,200 ha (de la Bretonne 1977) 
with projections of 91,000 ha (Franz 1974) in the future. Al­
though studies into intensive culture of crayfish are very 
limited (Huner 1975), an extensive literature exists on cray­
fish culture methods in earthen ponds (Viosca 1961, Lacaze 1970, 
Avault 1973, Spohrer et al. 1975).
Although extensive culture methods have numerous attri­
butes —  minimal operating and labor requirements, low feed 
costs, and low initial capital investments —  they also have 
serious shortcomings. These include a reduced growing season 
in countries of temperate climate (Meske 1976), inefficient 
and costly harvesting methods (de la Bretonne 1977), and large 
land area and water requirements. In addition, Odum (1973)
1
2points out that extensive culture operations have less control 
over introduction of pollutants than intensive systems. Odum 
(1974) also states that extensive aquaculture activities such 
as construction of ponds, diking, and blocking off sections 
of estuaries may adversely effect other naturally productive 
regions. He concludes that, in highly developed countries, one 
way aquaculture may continue to flourish is through the use of 
sophisticated intensive methods.
McSweeny (1977) defines intensive culture as an artificial 
means for increasing aquatic productivity significantly over 
natural or extensive systems by utilizing a high degree of 
environmental control. Research investigations into intensive 
culture methods are desirable for a number of reasons. Inten­
sive culture in recirculating systems can provide environmen­
tally acceptable waste disposal in addition to being protected 
from external contamination or pollution. Further advantages 
include optimum year-round growing conditions, reduced land 
requirements, elimination of predators, and prevention or 
control of diseases through environmental control. Culture 
operations may also be sited near major market centers away 
from the increasingly scarce and costly coastal wetlands 
(Ryther 1975). Taking into account the economic factors of 
facility costs, competing use of natural resources, opera­
tional costs, and reliability, Neal (1973) concludes that 
intensive systems are more likely to become economically 
feasible for omnivorous aquatic species than extensive systems.
3According to McSweeny (1977), the net benefit of commercial 
intensive culture methods is the attainment of maximum year- 
round production on a highly predictable basis.
In addition to commercial viability, intensive culture 
in recirculating systems offers the aquaculture investigator 
another advantage: greater input and control over his research.
A report by the National Academy of Sciences indicates the pre­
sent need for additional aquaculture research in controlled 
environments (Holden 1978). Studies durrently carried out in 
earthen ponds are too often subjected to uncontrollable envi­
ronmental sources of variation. Differences in such factors 
as temperature, food availability, population densities, and 
water quality from pond to pond make it difficult to detect 
applied treatment effects. A properly operating recirculating 
system can maintain optimum water quality and minimize dif­
ferences from one experimental unit to another. This ability 
affords the researcher greater control over those factors 
that directly affect growth and survival. The results of 
basic research investigations conducted in recirculating 
systems can be applied to both extensive and intensive culture 
operations. A recirculating culture system is therefore in­
valuable. to the aquaculture investigator as a research tool.
The only major disadvantage of commercial culture in 
intensive recirculating systems is the relatively higher cost 
of constructions, operation, and maintenance. In order for 
such systems to be economically feasible, aquatic organisms
4must be grown under intensive high density conditions. Cul­
ture in such ecologically unstable (Odum 1973) systems often 
results in reduced growth rates, stress, disease, and mortality 
among organisms (Sandifer and Smith 1975). Before intensive 
aquaculture systems become a reality, these problems must be 
researched and solved.
The objectives of this study are therefore twofold: first, 
to design and construct a research tool —  the recirculating 
water system —  for the study of crayfish biology, physiology, 
and behavior under culture conditions; second, to. use the 
system to address problems of high density culture, specifid­
eally the effects of population density, substrate configura­
tion, temperature, and container size on growth and survival 
of red swamp crayfish (Procambarus clarkii).
LITERATURE REVIEW
Advantages of Crayfish Culture
There are a number of requirements a species must possess
to be a suitable candidate for aquaculture. According to
Ryther (1975) the species must: (1) be easy and inexpensive
to grow or, failing this, bring a high market price; (2) grow
quickly in culture, preferably to market size in less than a
•*
year; (3) be hardy and adaptive to grow in dense culture with 
minimal mortality; (4) be relatively disease and parasite re­
sistant; (5) be capable of feeding upon artifical or natural 
foods that are readily available and inexpensive; (6) be cap­
able of attaining sexual maturity and reproducing in captivity. 
Although this is a formidable list, research has shown that 
the red swamp crayfish meets or exceeds all of the above re­
quirements.
In addition to being easily grown in extensive type aqua­
culture systems (yields of over 1000 kg/ha), crayfish are 
popular virtually throughout the world. Although crayfish 
farming is well established in Louisiana only (Holden 1978), 
there is considerable interest in other parts of the country. 
Avault (1972) reports that the sport fishery for food reaches 
significant proportions in Mississippi, Texas, and Alabama as 
well as Louisiana; and that California, Oregon, and Washington
5
6have extensive commercial fisheries for Pacifastacus sp. cray­
fish. In Europe, crayfish are considered a delicacy and com­
mand high market prices in Sweden (Abrahamsson 1973), Finland 
(Westman 1973), Poland (Kossakowski 1973) and France (Laurent 
1973).
Economic incentives have generated numerous studies in­
vestigating methods for crayfish waste utilization. Walker 
et al. (1967) fed crayfish wastes to channel catfish (Ictalurus 
punctatus) with promising results, while Rutledge (1971) de­
veloped a method for the decalcification of crayfish wastes. 
Desselle and Sagrera (1977) utilized crayfish wastes as a lime 
source for forage production.
Pond culture methods currently in practice result in one 
self-reproducing crop of crayfish per year in Louisiana. Al­
though a spawning population of crayfish can be found in ponds 
year-round (de la Bretonne and Avault 1976), harvest activities 
generally conclude in the late spring so that the main crayfish 
spawning period can take place during summer dewatering. Under 
optimum culture conditions, however, crayfish can grow from 
egg to maturity in as little as 6 to 8 weeks (Black and Huner 
1978) making the year-round availability of crayfish a dis­
tinct possibility.
Studies have shown that the crayfish can withstand a wide 
range of environmental factors. Melancon and Avault (1978) 
concluded that crayfish can withstand dissolved oxygen levels 
as low as 0.49 ppm for short periods of time depending on
7their size and molt phase. Jaspers and Avault (1969) found 
that crayfish in burrows can withstand low dissolved oxygen 
levels (1 ppm), high free carbon dioxide (> 372 ppm), and 
turbidity levels exceeding 150,000 ppm. Loyacano (1967) found 
that crayfish can tolerate salinities as high as 20 ppt and 
that salinities up to 10 ppt actually increase growth.
Crayfish diseases and parasites do not appear to be a 
problem in culture ponds (Huner 1977). According to Unestam
(1973) bacterial disease in crayfish seems to be limited by 
the inability of most bacteria to breach the chitinous exo­
skeleton, the epicuticle being inert to biochemical attack.
Very few parasitic organisms are described in crayfish with 
the exception of the fungi (Aphanomyces astaci), it being the 
only serious problem in European crayfish stocks. The Ameri­
can crayfish populations, however, appear highly resistant to 
the European fungal diseases (Goldman 1973).
Ryther (1975) has pointed out that the single greatest 
cost to intensive culture is food. It has been shown, however, 
that the primary food source for crayfish is microbially en­
riched plant detritus (Meredith and Schwartz 1960, Morshiri 
and Goldman 1969, Mason 1975, Goyert and Avault 1977). Goldman 
et al. (1975) found a large number of bacterial cells and a 
wide variety of detrital material in the stomachs of the cray­
fish (Pacifastacus leniusculus). He goes on to recommend that 
readily available organic wastes may serve as an inexpensive 
food source for detrital-feeding crayfish. Bovbjerg (1959)
8has suggested that autochthonous foods (epiphyton and bacter- 
ially enriched detritus) are important in providing essential 
food and nutrients for crayfish. Research by Goyert and Avault 
(1977) indicated that crayfish can grow and reach sexual ma­
turity by feeding solely on microbially enriched agricultural 
by-products.
Finally, techniques have been developed to reproduce 
crayfish on command in the laboratory. According to Goldman 
et al. (1975), success in artificial hatching has already been 
achieved in Sweden. Black and Huner (1978) describe a simple 
and inexpensive method of reproducing crayfish in the labora­
tory on a year-round basis. Unlike lobsters, shrimp, and 
crabs, the crayfish passes the nauplius, zoea, and mysis stages 
of their life cycle in the egg membrane and hatch out as post­
larvae (Meglitsch 1972). This direct development eliminates 
the need for any specialized water quality or feed during early 
development.
In summary, the crayfish is a hardy, disease resistant 
organism that reproduces in captivity, may grow to harvestable 
size in less than 3 months, and is highly prized throughout 
many world markets. Although the crayfish comprises a rela­
tively untapped economic resource for the aquaculture industry 
at this time, Huner (1977) feels that an intensive advertising 
campaign will markedly increase crayfish sales outside of 
traditional crayfish consumption areas. Goldman et al. (1975) 
conclude that the eventual large-scale culture of crayfish is
9a near certainty.
Culture Systems
Water in any intensive aquaculture system contains unused 
food and metabolic products that surround the organisms, befoul 
the medium, and impose the need for continuous flushing or 
cleaning (Goldman et al. 1975). Intensive culture in recircu­
lating water systems offers a number of advantages over flow­
through or static water systems in dealing with these problems 
(Burrows and Combs 1968, Sandifer and Smith 1975, Broussard 
and Simco 1976). These advantages include: (1) the ability
to culture organisms at much higher densities than static water 
culture while still maintaining optimum water quality; (2) a 
reduction in problems associated with stringent waste water 
discharge regulations as possessed by flow-through and static 
water systems; (3) reduced chances of introducing contaminants 
or diseases; (4) maintenance of water temperature within the 
optimum range year-round; and (5) flexibility of location.
There are, however, problems associated with recirculating 
systems. The major difficulties inherent to closed water re­
use systems are: (1) the rapid accumulation of metabolic waste
products, some of which are toxic at low concentrations; (2) 
an accumulation of nitrates, phosphates, sulphates and organics; 
and (3) a reduction in the alkaline reserve causing a drop in 
pH (Hirayama 1974, Siddall 1974, Sousa et al. 1974). This 
accumulation of toxic metabolites and decrease in pH are the
10
primary limiting factors in culture, and adjusting them to the 
proper levels should be the objective of any effective recir­
culating system.
A number of methods have been developed to deal with de­
terioration of water quality in culture systems. Hirayama 
(1974) describes a system that utilizes aerobic bacteria, at­
tached to oxygen-producing phytoplankton, which assimilate and 
oxidize polluting substances. The phytoplankton in turn absorb 
and utilize inorganic nitrogen and ph'osphate that bacteria pro­
duce. Rundquist et al. (1978) utilized a trout effluent to 
grow macroscopic hydrophytes that effectively removed nitrates, 
phosphates, and ammonia from the water. The hydrophytes were 
then grazed upon by crayfish in their polyculture system. 
Mcllwain (1976) used the roots of water hyacinths (Eichhornia 
crassipes) as a biological filter and bermuda grass as a ferti­
lizer to stimulate zooplankton growth in 0.04 ha earthen ponds. 
Foam rubber, fiberglass filter wool, clam shells, oyster 
shells, and activated carbon have also been combined in sys­
tems for rearing blue crabs (Callinectes sapidus) and striped 
bass (Morone saxatilis) sac fry (Cook 1972, Rhodes and Merriner 
1973, Mcllwain 1976). An ion exchange column as an alternate 
or backup system to microbiological filters is suggested by 
Johnson and Sieburth (1974). Meade and Kenworthy (1974) pro­
pose incorporating a denitrification column of methanol in 
conjunction with a nitrifying filter to obtain 100% water re­
use. Lewis and Buynak (1976) investigated the use of a
11
revolving plate biofilter as an alternative to the trickling 
and submerged filters currently being used in fish culture. 
Meske (1976) developed an efficient tripartite water purifica­
tion unit (activated sludge, sedimentation, and heating) for 
carp (Cyprinus carpio) culture.
Although a number of different methods have been and are 
being investigated, the use of bacterial filters for nitrifi­
cation with natural calcium or magnesium carbonates for pH 
control is currently the most practical and economical method 
in closed system aquaculture (Burrows and Combs 1968, Edifanio 
et al. 1973, Johnson and Sieburth 1974). In such a system, 
bacterial nitrification takes place in three steps: minerali­
zation of organic nitrogenous compounds, followed by nitrifi­
cation, and then denitrification by heterotrophic and autotro- 
phic bacteria suspended in the water and attached to gravel in 
the filter bed (Spotte 1970). Mineralization by heterotrophic 
bacteria converts organics excreted by the organisms into 
simple inorganic compounds such as carbon dioxide and ammonia. 
It is the undissociated form of ammonia (NHg) that is toxic at 
low concentrations and may cause difficulty if allowed to 
accumulate in the system (Edifanio et al. 1973, de Graff 1973, 
Meade and Kenworthy 1974). Sousa et al. (1974) found that 
ammonia toxicity is related to the concentration of the undis­
sociated form and that a reduction in the pH will favor a shift 
in the NHg/NH^+ equilibrium to the less toxic NH^+ condition. 
Following mineralization, autotrophic bacteria convert
12
inorganic compounds into carbohydrates, fats, and proteins 
using the oxidation of ammonia as their energy source (Burrows 
and Combs 1968). In the first step, Nitrosomonas sp. bacteria 
oxidize ammonia to nitrous acid by the reaction:
2NH3 + 302 + 2HN02 + 2H20
the nitrous acid is then converted to nitric acid by Nitrobac- 
ter sp. bacteria in the presence of oxygen (Meade and Kenworthy 
1974, Levine and Meade 1976):
4N02 + 202 + 4N03
The effectiveness of the bacterial filter is a function 
of the concentration of the nitrifying bacteria, their rate 
of growth, and the dissolved oxygen in the system (Downing et 
al. 1964, Westers 1970). Carter and Allen (1976) found that 
above a minimum dissolved oxygen level of 3 mg/liter, addi­
tional water flow or aeration did not significantly improve 
channel catfish (Ictalurus punctatus) growth. Although not 
nearly as toxic as ammonia, nitrate accumulations in fresh 
water can take place at increased rates in high density re­
use systems (Meade and Kenworthy 1974). No conclusive 
evidence exists that either nitrate or phosphate is directly 
toxic to organisms (Hirayama 1974), however, both are nutrients 
that could lead to undesirable algal blooms or low-level stress 
in the culture tanks. In practice, safe levels of nitrate are 
maintained by periodic dilutions (Burrows and Combs 1968, 
de Graff 1973). Denitrification, the conversion of nitrate or
13
nitrite to either nitrous oxide or free nitrogen, can proceed 
in the culture system either by simple reduction:
2N03" + 2H+ -► N20 + 202 + H20
or in the presence of an organic source:
4N03" + 3CH4 -*■ 2N2 + 3C02 + 6H20
with both reactions probably occurring in the filter beds 
(Spotte 1970). Meade and Kenworthy (1974) state that the 
reduction of nitrate can be accomplished by a variety of 
common facultative bacteria. The nutrients required by these 
microorganisms can be supplied by the nitrification filter 
effluent with the exception of an organic energy source, which 
they supplied in the form of methanol.
Although biological filtration to remove toxic metabolites 
is the most important function of a recirculating water system 
(McSweeny 1977), pH reduction and dissolved organic accumula­
tions need consideration. The pH in culture systems tends to 
drop because of increased carbon dioxide levels, production 
of nitrates in the decomposition process, and removal 
of free calcium and magnesium from the water by phosphates 
(de Graff 1973, Hirayama 1974). The optimum pH range in 
freshwater culture is assumed to be between 7.1 and 7.8 
(Saeki 1958). Through optimum recirculation rates, partial 
water changes (Burrows and Combs 1968, de Graff 1973) or deni­
trification within the system, high levels of carbon dioxide 
and nitrates can be avoided. As such, acceptable pH ranges
14
can be sustained indefinitely by the filter gravel with no need 
for additional buffering material (Spotte 1970).
The removal of dissolved organics from solution in the 
culture system can take place on the molecular level by either 
adsorption on a porous substrate (activated carbon), ion ex­
change, oxidation (ozone and ultraviolet irradiation), or by 
direct chemical fractionalization (air-stripping). Although 
adsorption on activated carbon appears to be an efficient means 
of removing dissolved organics, its capacity for adsorption is 
limited (de Graff 1973), and requires frequent replacement or 
expensive regeneration (Spotte 1970). Ion exchange resins 
also require frequent regeneration, are subject to organic 
fouling, and are costly (75£/kg, Jungle Laboratories Corp.). 
Oxidation by ozone is a difficult technique (de Graff 1973) 
requiring a considerable capital expenditure (Spotte 1970) and 
must be used with caution to avoid harm to the culture 
organisms. In addition to removing dissolved organics, ultra­
violet lamps reduce the number of microorganisms in circulating 
culture water in a manner similar to that of ozone. It may 
be necessary in heavily loaded systems to minimize the chance 
of epizootic diseases (Spotte 1970). The value of the steri­
lizer depends on the extent to which the ultraviolet rays 
can penetrate the water, which in turn is determined by such 
factors as temperature, water color, and transparency (de Graff 
1973).
The air-stripper appears to be the simplest, cheapest,
15
and least dangerous of the methods discussed to remove accumu­
lated organics (de Graff 1973). Using a stream of tiny bubbles 
in a counterflow operation, the alr-stripper forms a froth in 
the upper part of the device. According to Rubin et al. (1963), 
the froth removes dissolved organics by two mechanisms: (1) 
dissolved surface-active organic compounds may be adsorbed at 
the gas-liquid interface; or (2) dissolved non-surface active 
organics may combine with surface-active solutes and become 
concentrated in the foam. The major advantage of an air- 
stripper is its ease of application to already existing air­
lift tubes in most culture systems.
The theories set forth here need to be translated into a 
system that is simple, economical, and technically efficient.
A recirculating system basically requires three components 
a vessel to hold water, a large surface area for nitrifying 
bacteria attachment, and a method of oxygenating and moving 
the water through the system (McSweeny 1977).
For research investigations, a number of vessels should 
be employed for multiple effects experiments. These tanks 
should be heated in order to permit continuous controlled 
culture and research throughout the year, independent of 
climate (Meske 1976). Zielinski et al. (1976) discuss several 
important features desirable in tanks for optimum growth and 
survival; however, economics is the strongest factor affecting 
both material and design (McSweeny 1977). For this reason, 
commercial operations would generally contain fewer but larger
16
tanks for their operations.
The submerged type sub-gravel filter plate serves as both 
a biological filter and mechanical filter and is currently 
the most widely used method in fish culture operations (Lewis 
and Buynak 1976). Spotte (1970) recommends a gravel size of 
2-5 mm, large enough to provide sufficient surface area for 
bacterial attachment, yet not too small to inhibit flow through 
the filter bed.
In order to oxygenate and move water through the recircu­
lating system efficiently, the air-lift pump has become an 
important part of most mariculture systems (Castro et al. 1975). 
Zielinski et al. (1976) list some of the advantages of air­
lift pumps as: (1) low initial cost; (2) low maintenance cost
(no moving parts); (3) high efficiency; (4) ease of installa­
tion and flow regulation; and (5) additional aeration of water 
during pumping. As mentioned earlier, addition of air- 
strippers to already existing air-lift pumps is relatively 
simple and inexpensive.
In summary, for research investigations, the most effec­
tive culture system would consist of a number of individually 
heated tanks, each partitioned into several separate compart­
ments for holding organisms. The water quality in the indivi­
dual tanks would be maintained via a bottom covering biological 
filter powered by an air-lift pump coupled with an air- 
stripping device.
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Crayfish Behavior
In order to be economically feasible, aquatic organisms 
must be cultured under high density due to the relatively 
higher cost of construction and operation of recirculating 
water systems. Intensive or high density culture generally 
results in frequent aggressive encounters among crayfish.
Slower growth rate and higher mortalities due to cannibalism 
during the intermolt phase often result. The aggressive be­
havior patterns of crayfish (Orconectes sp.) have been exten­
sively investigated by Bovbjerg (1953, 1956, 1959, 1964, 1970a, 
1970b). The following summary is taken from these studies un­
less otherwise noted.
Crayfish are anti-social, they space, avoid one another 
in their foraging, and when they do meet it is a tension con­
tact. This spacing and avoidance reaction begins after the 
third instar growth stage and is followed by the establishment 
of a dominance order. By the fifth instar definite aggressive 
patterns become apparent that coincide with various morpho­
logical changes in the crayfish. At this time the chelipeds 
become opaque, enlarged, and horny, better suited for defense 
and fighting. The straight line dominance pattern of crayfish 
is directly related to size with males being the more aggres­
sive in sexually mature groups. Regardless of rank, however, 
a newly molted crayfish will become completely subordinate 
and vulnerable to cannibalism. Once the exoskeleton has
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rehardened, the crayfish will move back into its previous domi­
nance rank. Both visual and tactile sense play a role in 
furnishing dominance information among crayfish and with the 
absence of both, dominance is lost. Rubenstein and Hazlett
(1974) concluded that the transfer of information peaks during 
crayfish fighting and that posture plays an important role in 
dominance recognition. Bovbjerg and Stephen (1975) theorized 
that the need to defend crevices, hiding places from both 
predators and competitors may explain the crayfish's aggressive 
behavior. As total energies are less depleted by intraspecific 
strife, dominance recognition leads to a more stable population 
structure. Crayfish behavior during interspecific encounters 
was studied by Stein and Magnuson (1976). They noted that 
males were more active and less intimidated by predators than 
females and that smaller crayfish responded more dramatically 
than larger crayfish to predation by reducing activity and 
choosing appropriate substrates.
As population densities increase, crayfish will disperse 
at higher rates in response to the greater number of tension 
contacts. This dispersal phenomenon is believed to be indica­
tive of an intraspecific territorial behavior. The resulting 
population shift is thought to be due to numerous, independent, 
random movements. If an opportunity to emmigrate is available, 
crayfish will disperse into an unoccupied region until an 
optimum density is attained. A type of competitive exclusion 
exists when two species of crayfish are- crowded together and
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the less aggressive species is forced to emmigrate. It has 
heen found, however, that the addition of refuges to aquaria 
slows the overall rate of dispersal due to the subsequent im­
mobility of the occupants. If shelter or escape were not 
available, Huner et al. (1975) observed that molting crayfish 
were usually attacked and eaten at both low and high densities. 
Bovbjerg and Stephen (1975) observed that the spacing and ag­
gressive behavior of crayfish may be temporarily altered by
relative overcrowding. As the density of crayfish increased 
2 2from 22/m to 66/m , they found a corresponding increase in 
the number of passive aggregations formed. This suppression 
of aggressive behavior among overcrowded crayfish was believed 
to be forced and rather tenuous.
The existence of spacing and aggressive behavior among 
crayfish has been noted in naturally existing populations.
In Lake Tahoe, Abrahamsson and Goldman (1970) observed that 
body length was inversely related to population density. 
Crayfish exhibited less predation and higher densities in areas 
with a rocky substrate that provided good cover. The larger 
number of crayfish in these areas consumed much of the avail­
able food resulting in stunted populations. When food sup­
plies were limited and crayfish densities were high, Avault 
et al. (1975) noted maturation at small commercially unaccept­
able sizes. Dye and Jones (1975) found that the percentage
survival was markedly better for crayfish reared at- densities
2 2 of ll/m rather than at the higher densities of 43/m or
172/m2. Aiken (1969) and Heyman (1971) noted the adverse
influence of crowded conditions on molting crayfish, while
Hazlett et al. (1974) observed that molting crayfish moved
into shallow sand areas around the time of molt. Higher growth
and survival among crayfish reared at low densities compared
to high densities was reported by Huner et al. (1975). Westman
(1973) stocked young-of-the-year crayfish at densities of 
o
100/m and got fair growth and good survival. As stocking
density was increased, however, mortality also increased.
Clark et al. (1975) found no significant differences in cray-
2
fish growth or survival between stocking densities of 3/m and 
2
6/m . At these low stocking densities they noted that cover 
in the form of vegetation offered little advantage in regard 
to survival.
These studies suggest that a certain minimum area, or 
territory, is required by a crayfish for unrestricted growth.
If the population density is increased beyond the carrying 
capacity of the habitat, the crayfish will exhibit reduced 
growth, be cannibalized, or be forced to emmigrate from the 
area.
In natural systems, higher crayfish densities can be 
attained by utilization of suitable substrates. Kossakowski
(1975) reports crayfish (Orconectes lenosus) densities ranging
2 2 from 0.38/m on open shelf area to 77/m in a zone of macro-
phytes. He found the macrophytic zone to be the main dwelling
area and most dynamic portion of the population. Abrahamsson
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and Goldman (1970) reported much higher densities of crayfish 
on stony bottom areas than in open areas with little protec­
tion. Goldman (1973) concluded that adequate cover in the form 
of rock substrates is essential for supporting high densities 
of crayfish as they are helpless in the soft-shell condition. 
Shireman (1973) provided Australian crayfish (Cherax tenuimanus) 
numerous shelters consisting of plastic tubes. His results 
were inconclusive. Smitherman et al. (1967) found that sur­
vival was unaffected by addition of artificial covers (pieces 
of plastic pipe or hose) at low stocking densities, Westman 
(1973) found, however, that addition of hides (bricks with 
holes and plastic tubes) to test aquaria increased survival 
and noted that hard-shelled crayfish occupied the hides while 
newly molted crayfish avoided them. He went on to suggest 
that availability of surface area may be more important than 
a number of hides and that addition of horizontally mounted 
plates may significatly increase growth and survival.
In summary, these studies suggest that the crayfish is 
a territorial and aggressive organism that requires a certain 
unspecified amount of area for unrestricted growth. In 
addition, the crayfish is very vulnerable to predation during 
the molt phase, and some sort of protection must be provided 
by the system during this period.
MATERIALS AMD METHODS
The Recirculating Water System
The recirculating water system can be divided into three 
parts: (1) a vessel to hold water and organisms; (2) a large
surface area for nitrifying bacteria attachment; and (3) a 
method of oxygenating and moving water through the filter.
The system consisted of eight 1 m-high cylindrical fiber­
glass tanks, each with a diameter of 1.6 m, a bottom area of
o
approximately 2 m , and a volume of 2000 1. Fiberglass side­
walls partitioned each tank into four equal areas (Fig. 1). 
Water temperature in each tank was maintained within .5 C with 
a plastic sheathed chromalox electric heating cable (type MI) 
equipped with a PIT type rain-tight thermostat. The heating 
cable was buried in the filter gravel. Each tank was wrapped 
in a 15 cm layer of Corningware Fiberglass insulation and 
sealed on top with a 2.5 cm Zonolite styrene foam disc.
Each tank was equipped with a biological filter modeled 
after Spotte (1970). A perforated circular filter plate of 
corrugated fiberglass covered the bottom of each tank. Fiber­
glass angle irons supported the circular filter plate 4 cm 
off the floor, thus forming a false bottom. A 7-cm layer of 
gravel (3-12 mm diameter) was evenly distributed over the 
filter plate (Fig. 1).
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Figure 1. Top and side views of the recirculating 
water system.
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A single air-lift tube (Fig. 2) was installed in each of 
the eight tanks to oxygenate and move water through the filter 
bed. The tube, consisting of a polyvinylchloride (PVC) pipe 
5.2 cm in diameter and 45 cm long, passed through the gravel 
and filter plate not quite reaching the tank bottom.
Compressed air from a Conde #3 Milk Corp. 3/4 hp air pump 
was injected via a 1-cm air line into the bottom of each air­
lift tube and diffused by a perforated plastic pipe (Fig. 2). 
The resulting air-water mixture inside the pipe, being lighter 
than the surrounding water, flowed upward and out of the tube. 
Water that had passed through the filter bed was replaced at 
the lower end of the pipe. The volume of air injected into 
the lift-pump was regulated by a clamp attached to the air 
line.
A 10.8-cm diameter stand pipe was positioned over the 
air-lift tube (Fig. 2) to act as an air-stripper and to se­
cure the fiberglass sidewalls in place. Numerous holes were 
drilled in the stand pipe to allow water to return to the 
tank. Periodic partial water changes were carried out in the 
system as recommended by Spotte (1970).
Before crayfish growth and survival experiments were be­
gun, a 6-week system testing study was conducted to assess 
differences in water quality among tanks stocked with varying 
densities (0 to 50/m ) of crayfish. The crayfish were fed 
ad lib a sinking trout chow. In the study, weekly determina­
tions of temperature, dissolved oxygen, and pH were carried
Figure 2. Air-stripper and air-lift tube assembly.
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out using a Martec water quality analyzer. In addition, 
nitrogen-ammonium was measured weekly with a Bausch and Lomb 
Spectronic 20 (APHA 1971). After 6 weeks the system testing 
experiment was terminated.
Crayfish Growth and Survival Experiments
A series of experiments (Table 1) were carried out in the 
recirculating system to determine effects of density, tempera­
ture, substrate configuration, and container size on growth 
and survival of crayfish. Density is given in terms of number 
of crayfish per square meter of bottom area. In all experi­
ments, similar sized crayfish were obtained from the Louisiana 
State University Ben Hur Farm fisheries research station and 
randomly stocked into tanks according to the particular experi­
mental design.
Water depth in each tank was maintained at 30 cm, resulting 
in a water volume of 700 1. Water temperature, dissolved oxy­
gen, and pH were monitored throughout all studies.
At the end of each experiment all crayfish were removed 
from the system, counted, measured for total length, and 
sexed; the maturation state was noted. Total length (TL) is 
defined as the distance from the tip of the rostrum to the tip 
of the telson. Males were noted as sexually mature (Form I) 
or sexually immature (Form II). The maturity of the females 
could not be determined by external examination. Individual 
experiments were terminated when more than 10% of the
Table 1. Summary of crayfish (P. clarkii) growth and survival experiments conducted 
in a recirculating water system.
b  cStudy Designation Duration Density Initial Substrate Type Feed Temperature
2 Length
(days) (#/m ) (mm) (° C)
Substrate-Density
Substrate
Container Size 
(Study 1)
65
56
30
10
40
100
2040
930
471
117
33.0
26.0
22.4
Horizontal
Hiding-Place
Control
Horizontal 
Vertical 
Crab Nets 
Hiding-Place 
Control
Individual
Compartments
Trout
Chow
Crustacean
Ration
Trout
Chow
25-27
27
25-27
Container Size 
(Study 2)
49 96
37
15
30.0 Individual
Compartments
Crustacean
Ration
27
Density- 
Temperature 
(Study 1)
42 10
20
30
40
36.0 Rice Stubble Decomposed
Rice
Stubble
Ambient
24
27
30
to
CO
Table 1. Continued.
Study Designation Duration Density Initial Substrate Type Feed
9 Length
(Days) (#/m ) (mm)
Temperature
(° C)
Density- 
Temperature 
(Study 2)
60 10
50
100
200
42 Rice Stubble Undecomposed
Rice
Stubble
20
27
30
32
a
Density is measured in number of crayfish per square meter bottom area.
b
Horizontally oriented loops of 26 cm wide window screen.
Vertically oriented loops of 26 cm wide window screen.
Three crab nets suspended in the water column.
A plastic honeycomb matrix and pieces of tubing that provided a number of refuges. 
The control consisted of filter media only.
c
Trout chow (32% protein)
Crustacean ration (29.4% protein), see Huner et al. (1975).
to
o
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population consisted of Form I males, unless otherwise noted.
Growth data (measured as total length in mm) were analyzed 
using the Statistical Analysis System's General Linear Models 
procedure (Barr et al. 1976) for analysis of variance.
Duncan's new multiple range test (Steel and Torrie 1960) and 
orthogonal comparisons were used where appropriate to evaluate 
differences between treatment effects. Survival data were 
analyzed using a chi-square test for k-independent samples 
(Siegel 1956).
Substrate-Density Experiment
The purpose of this first study was to determine the 
main and interactive effects of substrate configuration and 
stocking density on crayfish growth and survival. Crayfish
averaging 33 mm total length were stocked at two densities
2 2(10/m and 40/m ) and three substrate configurations (Table 1). 
The three substrates were: (1) a horizontally oriented sur­
face area substrate consisting of a number of large loops of 
26-cm wide window screen layered horizontally to form artifi­
cial floors; (2) a hiding-place substrate consisting of . 
numerous plastic honeycomb matrices and pieces of tubing (3 cm 
diameter by 10 cm length); and (3) a control in which the gra­
vel filter media served as the only substrate. The experiment 
was planned as a 2 by 3 factorial arrangement with three repli­
cates per treatment combination in a completely randomized 
design. Crayfish were fed daily ad lib a sinking trout ration.
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Water temperature in the tanks was maintained between 25 and 
27°C. The experiment was terminated after 10 weeks.
Substrate Experiment
The purpose of this study was to examine the effects of 
five different substrate configurations on the growth and 
survival of crayfish reared under high density conditions. A 
completely randomized design was employed with five treatments 
(substrates) and three replicates (compartments) per treatment. 
Three of the substrates were identical to those used in the 
substrate-density experiment: (1) a horizontally oriented
surface area substrate; (2) a hiding-place substrate; and (3) 
a control. The fourth and fifth substrates were: (4) a ver­
tically oriented surface area substrate consisting of large 
loops of 26-cm wide window screen set on end; and (5) a net 
substrate consisting of three crab nets suspended in the water
column. Crayfish averaging 26 mm total length were stocked
2
into 15 compartments at a single density of 100/m . Crayfish 
were fed daily ad lib a specially prepared crustacean ration 
(Huner et al. 1975). Water temperature was maintained at 
27°C. The study lasted 8 weeks.
Container Size Experiment
The purpose of the two container size experiments was 
to (1) examine the relationship between bottom area and cray­
fish growth rate and (2) determine theoretical stocking
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densities at various growth stages. In the first experiment, 
polyvinylchloride (PVC) tubes measuring 2.5 cm, 3.7 cm, 5.2 cm, 
or 10.4 cm in diameter were cut into 20-cm lengths. The bot­
tom of each tube was capped with a window screen mesh and the 
other end was left open. Twenty-four crayfish averaging 22.4 
mm total length were stocked individually into tubes that were 
stood on end and supported by a rack suspended in a single 
tank. The experimental setup consisted of four treatments 
(tube diameters) with six replicates per treatment in a com­
pletely randomized design. Uneaten food was removed daily 
prior to the ad lib feeding of a sinking trout ration. Water 
temperature was maintained between 25 and 27°C. Crayfish 
were measured initially and every 10 days thereafter. The 
experiment was terminated after 30 days when crayfish mor­
talities occurred in the smallest containers.
In the second experiment, 30 perforated plastic buckets 
measuring 11.5 cm, 18.5 cm, and 29.0 cm in diameter were each 
stocked with one of 30 crayfish averaging 30 mm total length. 
The study consisted of three treatments (container sizes) with 
ten replicates (buckets) per treatment in a completely ran­
domized design. The buckets were floated in a single tank.
In this experiment a crustacean ration was fed ad lib to the 
crayfish. Water temperature was maintained at 27°C. Cray­
fish were measured initially and every 7 days thereafter for 
49 days. When mortalities occurred in the smallest bucket, 
the experiment was terminated.
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In both experiments an analysis of variance with a split 
plot arrangement was performed to determine the effects of 
container size (main factor) and period (days, subfactor) on 
the growth of crayfish. In addition, for both experiments, 
correlation coefficients between total length and container 
size were determined for each sampling date. A stepwise 
regression technique was employed to determine the best cray­
fish growth model for each container size.
Density-Temperature Experiment
Two studies were conducted to determine the effects of
low and high stocking densities on growth and survival of
crayfish. In the first experiment crayfish averaging 36 mm
2 2
total length were stocked at four densities (10/m , 20/m ,
2 230/m , and 40/m ) into four tanks in a split plot arrangement 
where temperature is the main factor and density is the sub­
factor. Each tank contained all four stocking densities.
The tanks were individually heated to four temperatures 
(ambient, 24°C, 27°C, and 30°C; Table 1). Partially decom­
posed rice stubble was placed in each compartment to serve as 
both a substrate and feed. The study was terminated after 42 
days.
The design of the second experiment was identical to the
. 2first, although the four densities were increased to 10/m ,
2 2 2 50/m , 100/m , and 200/m and the four temperatures were ad­
justed to 20°C, 27°C, 30°C, and 32°C. Undecomposed rice
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stubble was added to each compartment. Crayfish averaging 
42 mm total length were stocked into the tanks. The study 
was terminated after 63 days. Both experiments ended when 
the rice stubble had been reduced to a fine particulate or­
ganic matter.
RESULTS AND DISCUSSION
The Recirculating Water System
The reproducibility of water quality parameters in the 
eight tanks was excellent during the six week system testing 
study (Table 2). Although the tanks were unheated in this in­
itial study, the range in average water temperatures among the 
tanks was only 0.5° C. Subsequent system testing with heaters 
installed decreased the range even further. The average dis­
solved oxygen level over the six week system testing period 
was 6.2 ppm. The average pH ranged from 7.8 to 8.3 while 
nitrogen ammonium (N) varied less than 0.4 ppm and NH^ varied 
less than 0.02 ppm. A highly significant (P<.01) correlation 
(r=.52) existed between pH and ammonium. According to 
Trussell (1972) toxicity of an aqueous ammonia solution depends 
mostly on the pH value of the water as only the un-ionized 
form (NHg as opposed to NH^) is toxic to fish. It is believed 
that ionized ammonium (NH^) is unable to pass tissue barriers 
and thus enter an aquatic animal from the external medium 
(Spotte 1970). A tenfold decrease in the quantity of un­
ionized ammonia results from a pH reduction from 8 to 7.
Tables 2 and 3 contain the calculated values of un-ionized 
ammonia expected at the temperatures and pH found in this 
study (Trussell 1972).
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Table 2. Water quality measurements among eight tanks stocked 
with crayfish at densities ranging from 0 to 50/m2, 
averaged over the 6-week testing study.
Tank Temperature 
(° C)
Dissolved
Oxygen
(ppm)
pH Ammonium-
Nitrogen
(ppm-N)
Ammonia**
(ppm-NHg)
1 19.6 6.35 8.0 .57 .017
(1.1) (.42) (.12) (.15) (.004)
2 19.5 6.2 7.9 .52 .015
(1.1) (.42) (.12) (.12) (.003)
3 19.8 6.1 8.0 .59 .017
(l.D (.44) (.06) (.10) (.003)
4 19.4 6.3 7.9 .85 .025
(1.2) (.41) (.10) (.18) (.005)
5 19.7 6.2 8.0 .83 .025
(1.0) (.43) (.09) (.21) (.006)
6 19.9 6.0 7.8 .71 .021
(1.0) (.48) (.13) (.15) (.004)
7 19.5 6.1 8.1 .78 .023
(1.1) (.43) (.06) (.16) (.005)
8 19.3 6.4 8.2 .84 .025
(1.2) (.37) (.05) (.20) (.006)
a
Mean with standard error in parenthesis.
b
Calculated value (Trussel 1972).
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Table 3. The average water quality of eight tanks stocked with 
crayfish at densities ranging from 0 to 50/m2 for 
each of 6 sampling dates in the system testing study.
Week Temperature 
(° C)
Dissolved
Oxygen
(ppm)
PH Ammon ium-
Nitrogen
(ppm-N)
Ammonia**
(ppm-NHg)
1 22.0 6.8 8.1 1.32 .07
(.01) (.06) (.02) (.13) (.007)
2 17.5 7.2 8.2 .82 .04
(.19) (.09) (.03) (.05) (*003)
3 17.6 5.7 8.0 .77 .02
(.12) (.10) (.06) (.09) (.003)
4 22.7 4.6 8.1 .50 .02
(.07) (.06) (.06) (.08) (.004)
5 16.4 7.2 7.9 .58 .01
(.07) (.06) (.06) (.02) (.001)
6 21.4 5.8 7.6 .33 .004
(.06) (.12) (.09) (.04) (.0005)
a
Mean with standard error in parenthesis.
b
Calculated value (Trussel 1972).
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Although no research has been conducted to determine harm­
ful effects of ammonia (NHg) on crayfish, a study by Lloyd and 
Herbert (1960) indicated an LD50 value between 0.49 and 0.84 
ppm NHg in an eight hour test on rainbow trout (Salmo 
gairdnerri). Although the crayfish is better adapted to ad­
verse water quality (Jaspers and Avault 1969) than the trout, 
sublethal levels could have adverse effects, i.e., a decrease 
in both growth rate and resistance to disease. The good growth 
and survival of crayfish in this and subsequent studies in­
dicates, however, that ammonia toxicity was not a problem in 
this system.
There was a general decrease in both pH and ammonium over 
the six week study period (Table 3). The pH (8.2) of the 
initially alkaline source water decreased to 7.6 by the study's 
end. This final pH value fell within the optimum range 
(7.1 - 7.8) for freshwater culture (Saeki 1958). By the end 
of the study, the concentration of the toxic ammonia (NHg) had 
decreased to less than 0.01 ppm.
These results showed that (1) crayfish can be grown at 
high densities in recirculating water systems without adversely 
affecting water quality; and (2) the recirculating water 
system as designed produced nearly identical water quality 
parameters in all tanks. Although both points are important, 
the second item is critical in terms of research investigations. 
Vith it, the researcher can confidently conclude that the 
differences in growth and survival encountered in his research
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can be attributed to applied treatment effects rather than to 
differences due to water quality variation in the individual 
tanks.
Substrate-Density Experiment
In this study, highly significant differences (Pc.Ol) 
in crayfish growth occurred among the three substrate types.
The horizontal surface area substrate yielded the highest 
average crayfish length (80.7 mm) followed by the control 
(68.7 mm) and hiding-place substrate (66.5 mm) respectively 
(Table 4). Orthogonal comparisons Indicated no significant 
differences in crayfish growth between the control and hiding- 
place substrate but highly significant differences (Pc.Ol) in 
growth between surface area substrate and the other two sub­
strates combined. Although there was no significant difference
2 2in growth between the two stocking densities (10/m and 40/m ),
there was a highly significant (P<.01) substrate by density
interaction. In the surface area substrate, crayfish raised
o
at the low (10/m ) density grew 14.2 mm larger than crayfish
2
grown at the high (40/m ) density. Crayfish raised in the 
control and hiding-place substrates, however, grew 3.9 mm and 
8.9 mm larger, respectively, at the higher density than at 
the lower density. At the low stocking density, the largest 
difference among substrates in average total length of cray­
fish was 25.8 mm whereas at the high stocking density, the 
largest difference in average total length was only 3.0 mm
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Table 4. Growth (average final TL in mm), survival, and per­
centage male Form I for-crayfish (P. clarkii) reared 
for 65 days at. two densities and tHree substrate 
types in a recirculating water system.
Average Total Length (mm)
Density Substrate Type
Surfacea 
Area
Hiding'5 Control0 
Place
Average Form 
<%)
10 87.8 62.0 66.7 72.2 58
40 73.6 70.9 70.6 72.0 77
Average 80.7 66.5 68.7
Form I (%) 73.0 64.0 
Survival (%)
50.0
Density Substrate Type
<#/m2) Surface
Area
Hiding
Place
Control Average
10 80 27 67 58
40 70 55 55 60
Average 75 41 61
a
A number of large loops of 26 cm wide window screen layered 
horizontally forming artificial floors.
b
A plastic honeycomb matrix and pieces of tubing which pro­
vided a number of refuges.
c
Gravel filter medium only.
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(Table 4). This indicates that the crayfish's growth response 
to higher density is not the same for each substrate.
A chi-square test indicated a highly significant differ­
ence (P<.01) in survival among the three substrate types but 
no significant difference in the two stocking densities. The 
order of growth response and survival was Identical: the high­
est survival was in the surface area substrate (75%), followed 
by the control (61%), and the hiding-place substrate (41%). 
Orthogonal comparisons indicated a significant difference 
(P<.01) in survival between the hiding-place substrate and the 
other two substrates combined. There was, however, no sig­
nificant difference in survival between the control and the 
surface area substrate.
At the high stocking density, 77% of the males were in 
the Form I state while only 58% of the males were in the Form 
I state at the low stocking density. The surface area sub­
strate had the highest percentage of Form I males (73%) 
followed by the hiding-place C64%) and control (50%).
The results of the substrate-density experiments were 
surprising in light of past investigations (Smitherman et al. 
1967, de la Bretonne et al. 1969, Shireman 1973, Clark et al. 
1975) in which various forms of hiding places had been pro­
vided for crayfish to reduce mortalities. In this study, 
hiding-place substrates resulted in smaller growth and lower 
survival than in controls which provided no hiding places. 
Avault et al. (1975) noted crayfish maturation at small sizes
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(< 75 mm TL) In stressed populations. Although crayfish in the 
hiding-place substrate were smaller than control crayfish, 
there was a higher percentage of Form I males in the hiding- 
place substrate, possibly indicating a more stressed population. 
Stress may be the result of increased aggressive behavior. 
Bovhjerg and Stephen (1975) found more aggressive interactions 
among crayfish provided with hiding places than those without. 
Smaller growth and higher mortalities in the hiding place sub­
strate than in the control may therefore be due to the combi­
nation of aggression and stress on crayfish.
The surface area substrate did not provide hiding places 
but increased the territory or space available to each cray­
fish resulting in larger growth and higher survival. The 
highly significant substrate by density interaction can be 
attributed to the larger growth of crayfish in the control and 
hiding-place substrate at the higher density. Crayfish in 
these two substrates may have become overcrowded at the higher 
density and shifted from an agonistic behavior pattern to a 
passive behavior as suggested by Bovbjerg and Stephen (1975). 
Squires (1971) noted a reduction in aggressive behavior among 
overcrowded lobsters in holding tanks. As a result of reduced 
aggression, energies that would normally be expended on fight­
ing could be channeled into growth. Schmittou (1969) found 
that faster growth of catfish (Ictalurus punctatus) occurred 
in floating cages at high stocking densities. He found that 
at lower stocking densities fish grew slower due to fighting
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to establish a pecking order. The results here suggest that 
crayfish at the low stocking density were not overcrowded, 
thus they did not have the shift to passive behavior and con­
sequently spent more energy in dominance order establishment. 
This intraspecific fighting resulted in slower growth. There 
were few encounters and no overcrowding in the surface area 
substrate at either stocking density. As a result, there was 
no behavioral shift in the high stocking density. Within the 
surface area substrate, greater growth and lower mortality 
occurred at the lower density due to the increase in space for 
each crayfish.
The results of this study suggested three areas of in­
vestigation: (1) a verification of the substrate results at
a higher density, (2) a determination of the role of bottom 
area on growth response, and (3) growth and survival at higher 
stocking densities.
Substrate Experiment
o
Crayfish stocked at densities of 100/m exhibited highly 
significant differences (P<.01) in growth among the five 
substrate types. Crayfish in the vertical surface area sub­
strate had the largest growth response (61.4 mm) followed by 
the horizontal surface area (58.9 mm), crab nets (57.1 mm), 
and control (57.1 mm). As in the previous study, the poorest 
crayfish growth was in the hiding-place substrate (55.9 mm, 
Table 5). Orthogonal comparisons indicated a highly
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Table 5. Growth (final TL in mm), survival, and percentage 
male Form I for crayfish (P. clarkii) exposed to 
five substrate configurations for 56 days in a 
recirculating water system.
Substrate Type Total length*. . Survival Form I
(mm) (%) (%)
Horizontal8, 58.9 72 17
Vertical13 61.4 65 32
Crab Netsc 57.1 64 37
Hiding-Place^ 55.9 46 24
Control® 57.1 54 27
a
Horizontally oriented loops of 26 cm wide window screen.
b
Vertically oriented loops of 26 cm wide window screen.
c
Three crab nets suspended in the water column.
d
A plastic honeycomb matrix and pieces of tubing which pro­
vided a number of refuges.
e
Gravel filter medium only.
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significant difference (Pc.Ol) in growth between the surface 
area substrates and the other three substrate, types combined. 
There was, however, no significant difference between the 
horizontally and vertically oriented substrates. Duncan's 
new multiple range test indicated no significant differences 
in growth among crab nets, control, and hiding place substrates.
Results of a chi-square test found a highly significant 
difference (P<.01) in survival among the five substrate types. 
Survival responses were as follows: horizontal surface area
(72.6%), vertical surface area (65%), crab nets (64%), control 
(54.6%), and hiding-place substrates (46.0%). Orthogonal com­
parisons for survival using the chi-square test gave the same 
results as those for growth response. There were no signifi­
cant differences between the two surface area substrates but 
highly significant differences (P<.01) between the surface 
area substrates and the other three substrate types combined.
The horizontal surface area substrate had the lowest per­
centage of Form I males (17%), followed by hiding-place (24%), 
control (27%), vertical surface area (32%), and crab nets 
(37%). An average of only 26% Form I males in all treatments 
after 8 weeks indicates a potential for additional growth.
The results of this substrate study and the previous 
study indicate that, regardless of orientation, surface area 
substrates are superior to other configurations for increasing 
the growth and survival of crayfish. Willis et al. (1976) 
concluded that habitat complexity is a requirement for
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Macrobrachium sp. high density grow-out systems. According to 
Sandifer and Smith (1976), the most promising approach to the 
mass rearing of prawns is in tanks containing large amounts 
of surface area or shelters. In my study, the increased growth 
and survival can be attributed to the crayfish's ability to 
emmigrate from areas of high density (initially crowded bottom 
layer) to areas of low density (upper layers) via the screens.
In aquaria, I observed the widely spaced distribution of cray­
fish on various screen surfaces. These results indicate that 
crayfish perceive available bottom area (territory) as a number 
of intraspecific contacts —  the larger the number, the smaller 
the territory perceived. By dispersing themselves among the 
multiple surface areas provided by the screens, the crayfish 
reduced the number of encounters and thus perceived a larger 
territory than actually existed. The territory perceived by 
the crayfish, as will be seen later, has a direct effect on 
the rate of growth: the larger the area, the faster the
growth rate.
McSweeney (1977) gives two reasons why most culturists, 
raising territorial species, use some form of artificial sub­
strate. First, by increasing the area available to a given 
population, the effective density is decreased, thus counter­
acting aggression due to territoriality. Second, artificial 
substrates provide an essentially benthic organism with floor­
ing, which occupies a large proportion of the water column.
This flooring eliminates otherwise unused space and concentrates
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the culture operation in a smaller area. He further states 
that the most widely used form of substrate in freshwater 
prawn production is horizontal mesh panels with nets being the 
most commonly used. In this study, crayfish utilizing the crab 
nets exhibited the third highest survival and growth, preceded 
by the two surface area substrates. Two reasons may account 
for this: (1) the total surface area provided by the nets
was considerably less than the total surface area provided by 
the horizontally and vertically oriented substrates, and (2) 
the larger mesh size of the nets (approximately 30 mm) would 
not retain the pelleted diet as effectively as the smaller 
meshed screens. Hughes et al. (1974) noted that contact time 
between the organisms and their food is a critical parameter 
in terms of survival. With the larger mesh net substrate, feed 
would drop to the bottom, requiring the crayfish to occupy 
the lower tank area during feeding. In addition, the effect­
iveness of the nets decreased over time due to active feeding 
on them by the crayfish. The result was a loss of available 
surface area. As substrate cost can be a significant factor 
in intensive systems, the less expensive and more easily in­
stalled nets warrant further investigation.
The results of this study with crayfish concur with 
Sandifer and Smith's (1975) study with prawns in that surface 
area substrate configurations (vertical versus horizontal) did 
not significantly affect growth rate but that survival was 
better on horizontal surfaces. They found that prawn survival
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was, however, four times greater in tanks with substrates com­
pared to tanks without substrates.
Again, the poor growth and survival of crayfish in the 
hiding-place substrate was unexpected for an organism that 
normally burrows and lives in holes. McSweeney (1977) con­
curred, however, when he stated that honeycomb, egg-crate, or 
tube type habitats were relatively ineffective substrates for 
the freshwater prawn (Macrobrachium sp.). Westman (1973) noted 
in the lab that hard-shelled crayfish occupied hides while 
soft-shelled crayfish avoided them. Hazlett (1974) noted in 
the field soft-shelled crayfish occupying open shallow sand 
zones, away from crevices and refuges. These observations 
and experimental results suggest that overcrowded crayfish 
avoid hides in their soft-shelled state due to their inability
to defend crevices against hard-shelled competitors. The
2
high crayfish density (100/m ) in this experiment made it im­
possible for the newly molted crayfish to emmigrate to open 
areas of low density. They were thus subjected to attack and 
cannibalism in their defenseless condition, resulting in slow 
growth and high mortality. Westman (1973) suggests that the 
location of hides in the culture system may be significant. 
Although untested, he recommends the placement of hides on the 
perimeter of the vessel, leaving the center open for molting 
crayfish. This recommendation was not specifically tested in 
this study; however, the higher growth and survival of crayfish 
in the control may be due to the absence of hiding places, and
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thus hard-shelled crayfish, In the center of the tank.
These results suggest that even at high densities 
o
(100/m), good growth and survival is attainable in communal 
rearing systems given sufficient surface area substrates.
Container Size Experiments
In the first experiment using small crayfish (22.4 mm),
there were highly significant differences (P<.01) in growth
among the four container sizes, three 10 day periods, and the
size by period interaction. As the cross-sectional bottom area
2 2of the containers increased from 4.9 cm to 84.9 cm , final 
average total length increased from 29.6 mm to 38.4 mm over 
the 30 day study period (Table 6). Average weekly increases
in growth were 1.8 mm, 2.8 mm, 2.8 mm. and 3.7 mm for crayfish
2 2 2 2 in the 4.9 cm , 10.8 cm , 21.2 cm , and 84.9 cm containers,
respectively. There was a significant (P<.05) correlation
(r=0.42) between container size and total length after 20 days.
At the end of the 30 day study the correlation coefficient had
increased to r=0.55. The stepwise regression procedure se^
lected the best growth model for each container size. The
results indicated a linear relationship between growth (total
length) and time (days) for each size container (Table 7; Fig.
2
3). Coefficients of determination (r ) for the linear models
2
were 82%, 83%, 76%, and 82% for container sizes 4.9 cm , 10.8
2 2 2 cm , 21.2 cm , and 84.9 cm , respectively.
Although not significantly different, survival increased
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Table 6. Initial size (TL in mm) and growth (average TL in mm) 
of crayfish (P, clarkii) grown in a recirculating 
system for three 10-day periods in four container 
sizes (Study 1).
Container Size 
Diameter Area 
(cm) (cm'2)
Period (Days)
10 20 30 Average
2.5 4.9
3.7 10.8
5.2 21.2
10.4 84,9
21.8
22.8
22.5
22.5
24.6
26.8
27.3
27.5
27.0
32.0
32.0
32.8
29.6 
34.8
34.6 
38.4
25.2
28.6
28.9
29.9
Average 22.4 26.6 30.9 34.9
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Table 7. Growth (TL in mm) models for crayfish (P. clarkii) 
grown in seven container sizes in a recirculating 
water system. Studies 1 and 2.
Container Size
Area Density 
(cm2) (#/m2)
Model
4.9
10.8
21.2
84.8
103.8
268.0
660.0
2040
930
471
117
96
37
15
r Average Size 
(%) Initial Final
TL = 21,9 + .26 x day 82 21.8 29.6
TL = 22.9 + .42 x day 83 22.8 34.8
TL = 22.9 + .41 x day 76 22.5 34.6
TL = 22.4 + .53 x day 82 22.5 38.4
TL = 29.3 + .15 x day 41 29.1 36.7
TL = 30.2 + .61 x day 89 29.9 60.1
TL = 32.0 + .73 x day 86 31.0 66.2
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Figure 3 A comparison of growth 
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as container size Increased. At the end of the study none of 
the male crayfish were in the Form I state.
The larger (30 mm) crayfish stocked in the second container 
size experiment also exhibited highly significant (P<.01) 
differences in growth among the three sizes, seven 7-day 
periods, and the container size by period interaction. As in 
the first study, a direct relationship between container size
and growth was evident (Table 8). As the bottom area increased
2 2 2 from 108 cm to 268 cm to 660 cm , the final average total
length increased from 36.7 mm to 60.1 mm to 66.2 mm, respec­
tively. Average weekly growth increased from 1.26 mm/week in 
the smallest container to 5.9 mm/week in the largest. After 
only 7 days in the second study, a highly significant (P<.01) 
correlation (r=0.59) between container size and length was 
evident. The correlation remained significant throughout the 
study reaching a high of r=0.83 at day 28. The stepwise re­
gression analysis again indicated a linear relationship between 
growth and time (days) for all three container sizes (Table 7; 
Fig. 4). Coefficients of determination ranged from 40% to 89% 
for the three models (Table 7).
At the end of the second experiment, 66% of the males in
o
the largest container (660 cm ) were in the Form I state,
whereas only 25% of the males in the intermediate size con- 
2
tainer (268 cm ) were mature. This suggests that although 
growth was slower in the intermediate size container, it had 
not ceased as it had in the largest container.
Table 8. Initial size (TL in mm) and growth (average TL in mm) of crayfish
(£• clarkii) grown in a recirculating system at seven 7-day periods 
in three container sizes (Study 2).
Container
Diameter
(cm)
Size
Area
(cm2) 0 7
Period 
14 21
(Days)
28 35 42 49 Average
11.5 108 29.1 30.8 31.4 32.4 33.1 35.1 36.1 36.7 32.7
18.5 268 29.9 34.8 38.4 44.1 46.2 50.8 55.8 60.1 45.0
29.0 660 31.0 36.4 41.6 50.1 54.4 58.1 62.5 66.2 50.0
Average 30.0 34.0 37.1 42.2 45.4 49.4 53.2 56.3
cn
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Figure 4. A comparison of growth rates among three 
container sizes in the second study.
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The results of these two studies suggest that the growth
of crayfish becomes limited before the animal becomes physically
constrained by the dimensions of the environment. Except for 
2
the 4.9 cm container in the first experiment, no crayfish grew 
larger than the diameter of the enclosure. These results are 
in agreement with the studies of Templeman (1948) and Aiken 
and Waddy (1978) who also found reduced growth rates for lob­
sters when they were held in individual rearing compartments. 
They attributed the reduced growth to increased intermolt 
periods and decreased increment per molt. Shleser (1974) 
found that container shape had little effect on growth rate 
and therefore suggested that bottom area was the limiting fac­
tor controlling growth.
The highly significant size by period interaction in both 
studies indicates a significant difference in growth rate among 
the containers. An inspection of Figures 3 and 4 reveals this 
difference in slope (growth rate) for each container size. It 
should be noted that the divergence in growth begins very 
early in both studies. An analysis of variance for each per­
iod showed a significant difference (P<.05) in growth between 
containers after day 10 in study one and after day 7 in study 
two. These results suggest that the crayfish’s response to 
smaller containers (or territories) is an immediate growth rate 
reduction.
Although no previous research has been done on container 
size requirements for unrestricted crayfish growth, a number
60
of researchers have investigated the problem for lobster
(Homarus americanus) culture. Van 01st and Carlberg (1978)
quote John Hughes in stating that container area must be at
o
least three times the body length squared (3BL) in order to 
avoid reduced growth rate. Unfortunately it is unclear what 
they define as reduced growth rate. It is unlikely that cray­
fish growth follows this relationship. For example, crayfish 
o
in the 268 cm container should have attained a final length
of only 55 mm rather than the 60 mm they did attain. Instead
of trying to determine a relationship between body length and
unrestricted growth, a more useful tool would be to determine
the growth rate one could expect for various size containers.
Table 8 gives the results of the stepwise regression analysis
and indicates the growth rates expected for individually reared
crayfish in different sized containers. In the first study,
small crayfish (initial average length - 22 mm) grew at a rate
2
of .53 mm/day in the 84.8 cm container. In the second study,
larger crayfish (30 mm) grew at a slower rate (.15 mm/day) in
o
the somewhat larger (103.8 cm ) containers. This example sug­
gests that, when crayfish reach an average total length of 
approximately 30 mm, severely-restricted growth will occur in
containers having a bottom area of 100 cm or less. Note that
2
a crayfish stocked at a density of 1/100 cm is equivalent to
a stocking density of 100 crayfish per square meter (Table 1).
Recall that in the substrate study, crayfish stocked at a den- 
o
sity of 100/m in the control (no substrate) attained a final 
average length of 57 mm. This difference in final average
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length (37 mm vs 57 mm) suggests that growth at comparable 
stocking densities is reduced if the crayfish are held in in­
dividual containers. If this relationship holds true for other 
densities, then one could expect higher growth rates in communal 
as opposed to individual compartment systems. At high den­
sities. however, reduced survival in communal systems may off­
set the improved growth rates from a commerical standpoint.
Although individual compartment rearing systems are more 
costly to operate and maintain, there could arise a need for 
them. Rearing individual crayfish (brood stock) that are ge­
netically superior in terms of growth rate or fecundity may 
necessitate the use of such systems to avoid mortalities. In 
addition, the method for reproducing crayfish in the laboratory 
described by Black and Huner (1978) required the individual 
rearing of crayfish in separate containers in order to keep the 
two sexes apart until reproduction is desired.
Density-Temperature Experiments
The good growth and survival of crayfish in the first- 
study (Table 9) indicates that partially decomposed rice stub­
ble had definite potential in intensive culture systems as a 
food source. Growth results for the first experiment indicated 
highly significant differences (P<.01) in growth for both temp­
erature and density but no significant difference in growth for 
the temperature by density interaction (Table 9). Duncan's 
new multiple range test indicated a highly significant
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Table 9. Growth (average TL in mm) and survival of crayfish 
(P. clarkii) grown at four densities and four temp­
eratures for 42 days in a recirculating water 
system (Study 1).
Temperature 
(° C)
Density (#/m )
10 20 30 40
Survival 
Average (%)
Ambient 
(5 - 10)
24
27
30
47.6 44.2 42.5 38.7
81.3 68.8 60.1 60.5
69.0 63.0 61.0 56.0
79.5 66.5 59.6 60.1
41.9
64.7
60.4
63.2
90
76
78
75
Average 68.1 59.7 55.2 52.3
Survival (%) 85 72 81 72
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difference (P<.01) in growth between the ambient temperature 
(range 5-10° C) and the three higher temperatures (24, 27, and 
30° C) combined but no significant differences among the higher 
temperatures. Crayfish grew larger at the higher temperatures 
(65.4 mm average total length) than at the ambient temperature 
(41.9 mm average total length). There was an inverse relation­
ship between stocking density and final average total length
2
(Table 9). The lowest stocking density (10/m ) had the largest
average growth (68.1 mm) while the highest stocking density 
o
(40/m ) had the smallest growth (52.3 mm). Duncan's new mul­
tiple range test indicated no significant differences in growth
2 2between stocking densities of 30/m and 40/m but significant
2
(P<.05) differences between stocking densities of 10/m and
2 2 2 20/m and between 20/m and 30/m .
A chi-square test revealed no significant differences in 
survival among the four densities, but a highly significant 
difference (P <.01) among the four temperatures (Table 9). The 
ambient temperature had the highest survival (90%) followed by 
the 27° C temperature (78%), and the 24° C temperature (76%).
The highest temperature treatment (30° C) had the lowest sur­
vival (62%).
Less than 7% of all males in all treatments combined were 
in the Form I state when the experiment was terminated. By the 
study's end, the bulk of the rice stubble had been reduced to 
a fine detritus that covered the tank bottom. Although the 
stubble was still a good food source, its utility as a substrate
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was removed.
In the second experiment there were no significant dif­
ferences in growth among the four temperatures but highly 
significant differences (P<.01) in growth occurred among the 
four densities (Table 10). Once again, there was an inverse
relationship between stocking density and growth response.
2
Crayfish in the lowest density (10/m ) again attained the high­
est average total length (66.2 mm) while crayfish in the high­
est density attained the lowest average total length (54.1 mm; 
Table 10). Duncan's new multiple range test indicated a sig­
nificant difference (P<.05) in growth between the low stocking 
o
density (10/m ) and the three higher stocking densities but
no significant difference among the three highest densities
(50/m2, 100/m2, and 200/m2).
A chi-square test revealed no significant differences in
survival among the four temperatures but highly significant
(P<.01) differences in survival among the four densities. As
2 2stocking density increased from 10/m to 200/m , survival de­
creased from 85% to 11% (Table 10).
In the longer second study (60 days), the percentage of 
Form I males increased to 20% in all treatments combined with 
no recognizable trends among stocking densities and temper­
atures. As in the first study, the rice stubble was reduced 
to a fine detritus by the end of the experiment.
Huner and Avault (1976) reported that a temperature range 
from 24-28° C was optimal for rapid growth of P/ clarkii.
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Table 10, Growth (average TL in mm) and survival of crayfish 
(P. clarkii) grown at four densities and four temp­
eratures for 60 days in a recirculating water 
system (Study 2),
o
Temperature Density (#/m ) Survival
(° C) 10 50 100 200 Average (%)
20 72.8 72.3 59.8 56.6 61.7 20
27 56.8 57.8 57.4 62.1 58.5 18
30 62.3 63.3 57.4 61.2 57.6 22
32 76.0 56.6 58.0 54.1 61.0 16
Average 66,2 60.4 58.0 54.1
Survival (%) 85 34 19 11
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Frost (1975) reported a temperature range for the Australian 
crayfish (Eustacus arm!tie) from 1 to 35° C and an optimum temp­
erature for growth between 20 and 25° C. The age at maturity 
is temperature dependent. For example, Pacifastacus leniusculus
may require 3 years to reach maturity in Oregon while *
Procambarus clarkii may reach maturity in less than 3 months in 
Louisiana. Clark et al. (1975) found an approximate 30% in­
crease in crayfish production from summer to winter that they 
attributed to higher temperatures. No conclusive statements 
can be made for temperature effects except that in the first 
study, heating the tanks above ambient temperature resulted in 
significantly greater growth and lower survival. These results 
agree with Westman (1973) who found that temperatures between 
18 and 21° C were good for growth of crayfish (P^ leniusculus) 
but poor for survival while temperatures near 10° C resulted 
in reduced growth but higher survival. He concluded that temp­
erature rather than an internal rhythm was the controlling 
factor for growth. Hoffman et al. (1975) found that as temp­
erature increased from 5 to 10° C the aggressive behavior of 
the lobster (Homarus americanus) also increased. Further 
research is needed in this area to determine the optimum temp­
erature for crayfish.
Results of the first, relatively low stocking density 
experiment showed a steady decrease in final average total 
length as density increased for all four temperatures. These 
results are consistent with Abrahamsson and Goldman (1970) who
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state that body length was Inversely related to population den­
sity In naturally occurring populations. Burrows and Combs 
(1968) noted that high population densities could result in 
reduced growth due to stress and poor food utilization.
McLeese (1972) found that growth per molt was greatest at low 
stocking densities for the lobster (H. americanus) reared in 
intensive systems. Huner et al. (1975) also noted better growth 
and survival among crayfish raised at a low density.
At the higher densities of the second experiment, the 
decrease in growth with increasing density was not readily
apparent. There were no significant differences in growth among
2 2 2 crayfish stocked at densities of 50/m , 100/m , and 200/m .
However, survival was significantly reduced at the high den­
sities. These results agree with Westman (1973) who noted that
2
mortalities increased with increasing densities (150 to 250/m )
for young-of-the-year crayfish. Dye and Jones (1975) found
that survival was markedly better for young crayfish raised
o
at densities of ll/m compared to crayfish raised at densities 
of 43/m^ and 172/m^. The inverse relationship between stocking 
density and survival in these studies with crayfish are in 
agreement with the results of Willis et al. (1976) in their 
study of the freshwater prawn. They also indicated- that 
prawn weight gain showed little relation to high levels of 
stocking density.
In both studies, on the average, increased density resulted 
in decreased growth and survival. There is, however, a
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distinction between the studies. Significant differences in
growth response occurred among crayfish at the low stocking
2 2 2 densities (10/m , 20/m , and 30/m ); however, no significant
differences in survival occurred at low densities. At the
2 2 2 high densities (50/m , 100/m , and 200/m ) there were no sig­
nificant differences in growth, but there were highly signifi­
cant differences in survival. These results suggest that above 
a particular stocking density, in the absence of suitable sub­
strate, there will be no significant difference in growth 
response but there will be a significant reduction in survival.
In the first study, the final average density attained by
2 2 2 crayfish initially stocked at 20/m , 30/m , and 40/m was
2
22/m . In the second study, the final average density attained
by crayfish stocked at 50/m2 , 100/m2, and 200/m2 was 20/m2.
In the previous density-substrate study, the final average den-
2
sity of crayfish initially stocked at 40/m in the control was
O
22/m . These data suggest that in intensive culture systems,
2
stocking crayfish at densities exceeding 20-25/m without sub­
strates will result in significantly lower survival without any 
significant difference in growth.
GENERAL DISCUSSION
Crayfish, like most crustaceans, are solitary, aggressive, 
territorial organisms who suffer periodic states of total 
helplessness during and shortly after molt. These characteris­
tics must be carefully examined before attempting high density 
crayfish culture.
One consequence of the crayfish's pugnacious behavior is 
a reduced growth rate under crowded conditions. The results 
of the three density studies indicated an inverse relation­
ship between stocking density and growth: the higher the
stocking density, the slower the growth. Cobb and Tamm (1975) 
found that lobsters (H. americanus), reared communally under 
high densities, had significantly longer times between molts 
than did controls reared individually. McLeese (1972) found 
that growth increments per molt were smaller among lobsters 
reared at higher stocking densities. Similarly, the reduced 
growth rates found among crowded crayfish may be due to a 
longer intermolt period and/or smaller increments in growth 
per molt. My results suggest that growth inhibitions of cray­
fish at high stocking densities are due to both social inter­
actions and territorial restrictions.
Crayfish generally avoid one another in their foraging, 
but when they do meet it is a tension contact (Bovbjerg 1956).
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With higher stocking densities, the number of these aggressive 
encounters increases, and more energy is diverted away from 
growth. Significant decreases in growth with increasing den­
sity did not occur, however, above an initial stocking density
2
of 20-25 crayfish/m . Above this density, a shift to passive 
behavior is believed to have replaced normal territorial be­
havior as suggested by Bovbjerg and Stephen (1975). Although 
the number of crayfish encounters increased at higher densi­
ties, they did not result in an aggressive display or fight 
due to this behavioral shift. The alteration of behavior is, 
however, temporary and breaks down when neighboring crayfish 
molt. As noted by Huner et al. (1975), newly molted soft- 
shell crayfish, unable to escape under crowded conditions, 
are generally attacked and eaten.
Westman (1973) has noted that the single greatest cause 
of mortality among crayfish reared at high densities is can­
nibalism. These results suggest that by increasing stocking
2
density above 20-25 crayfish/m , in the absence of suitable 
substrates, there will be no significant differences in growth 
but there will be significant reductions in survival.
Results of the container size experiment indicated that 
in addition to social interactions, territorial restrictions 
also have an important affect on growth rate. In these 
studies, crayfish growth became limited before they outgrew 
their containers. The immediate divergence in the rate of 
crayfish growth among container sizes indicates that the
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crayfish's perception of territory can trigger an immediate 
growth rate adjustment. As the area alloted to each crayfish 
decreases, the rate of growth decreases accordingly. As 
pointed out earlier, growth of crayfish reared communally was 
better than the growth of crayfish reared individually at 
comparable densities. This implies that territorial restric­
tions play a larger part in reducing growth than social inter­
actions.
There were good growth rates (> 0.4 mm/day) among small
(22 mm average TL) crayfish reared at high densities (1/10.8 
2 2cm or 930/m ) in the container size experiments. Larger
crayfish (> 30 mm average TL) stocked at lower densities (1/268 
o o
cm or 37/m ) also exhibited good growth rates (> 0.73 mm/day). 
These results suggest that high densities of small crayfish 
can be reared in intensive systems without serious reductions 
in growth. As crayfish grow larger and their territorial 
requirements increase, the aquaculturist can decrease densi­
ties by periodic culling or transfer to larger tanks and grow-
out facilities. As crayfish approach marketable sizes (> 75
2
mm TL), densities may have to be decreased to 20/m or less. 
This type of production should, however, make crayfish avail­
able on a continuous basis.
In well-managed crayfish ponds (1000 kg/ha), the average
2
density of harvestable crayfish is approximately 5/m /year.
My studies have shown that through environmental control,
2
this density can be increased four or fivefold to 20-25/m .
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It appears, however, that in order for culture to be economi­
cally feasible in intensive culture systems, crayfish densi­
ties must be increased even further.
One way to increase the carrying capacity of a system is 
through the addition of artificial substrates. Contrary to 
popular belief, substrates that provide numerous shelters or 
hiding places are ineffective in high-density systems. Soft- 
shelled crayfish avoided hiding places because they were unable 
to defend them. They were thus subjected to attack and can­
nibalism in the overcrowded tanks. The addition of surface 
area substrate, however, significantly increased the carrying 
capacity of the system. The numerous surfaces afforded by 
these substrates allowed the crayfish to disperse themselves 
throughout the water column. Thus, the frequency of social 
interations was reduced while the territory perceived by the 
crayfish was increased. This increased both growth and sur­
vival. Westman (1973) recommends addition of horizontally 
mounted plates, 5-10 cm apart to increase surface area in
culture tanks. With the addition of these plates, stocking
2
densities may be increased to 200-250 crayfish/m , assuming 
good water quality can be maintained. These additions would 
result in a forty or fiftyfold increase in production over 
natural pond systems. As substrate cost can be a significant 
factor in intensive systems (McSweeny 1977), use of relatively 
inexpensive horizontally strung small mesh netting is recom­
mended.
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Although no definitive statements can be made concerning 
the optimum temperature for crayfish growth, a significantly 
higher growth among crayfish can be expected in tanks heated 
above winter ambient temperatures. Hy results confirm 
ffestman's (1973) findings that temperature is the regulating 
factor controlling growth rather than an internal rhythm. 
Through the use of temperature control in intensive systems, 
three or four crayfish crops could be produced each year.
With temperature control and substrate additions, production 
could be increased 120 to 150 fold over natural systems. 
Clearly, the potential of intensive aquaculture systems is 
tremendous.
The intensive culture of crayfish in recirculating sys­
tems has many applications. As crayfish can be reared on a 
year-round basis, intensive systems may have direct applica­
tion in the commercial bait industry. Crayfish raised for 
bait generally command higher market prices than crayfish 
raised for food (Huner 1975).
In areas with cooler climates and shorter growing seasons, 
heated intensive systems may be utilized in the winter months 
to hatch out and rear large numbers of small juvenile cray­
fish. During the warmer spring and summer months, these small 
crayfish can be stocked into earthen ponds for grow-out. Cray­
fish from these ponds could be harvested in the fall. The 
larger, faster growing crayfish could then be retrieved and 
restocked into the intensive system for maturation, mating,
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and reproduction of young.
In all liklihood, aquaculture In highly developed coun­
tries will be associated with already existing installations.
As Odum (1973) points out, intensive culture operations re­
quire the addition of numerous energy subsidies (heat, food, 
water) to maintain elevated net production. If some of these 
costly energy requirements could be met by previously existing 
sources (heated effluents from power plants, agricultural by­
products, or secondarily treated sewage), then overall costs 
are reduced and commercial viability is enhanced. Allen and 
Hepher (1976) note an increasing interest in the inter­
disciplinary integration of aquaculture, public health, and 
water pollution control, by the recycling of wastes through 
aquaculture. Crayfish are ideally suited for implementation 
into such systems due to their hardiness and low trophic level 
feeding habits.
Regardless of the eventual area of crayfish culture appli­
cation, certain physiological, biological, and behavioral 
attributes of crayfish must be researched and understood be­
fore they can be utilized effectively. With the higher 
stocking rates and recent additions of artificial substrates 
and supplemental heat sources to earthen ponds, the differences 
between extensive and intensive culture methods have decreased 
(McSweeny and Neal 1977). The results obtained from research 
investigations in intensive culture systems using recircula­
ting water have direct application to both extensive and
75
intensive systems as well as provide needed basic research on 
the red swamp crayfish.
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Table 11. Analysis of variance for the variable total length
in the Substrate-Density experiment.
Source df Sum of Squares Mean Squares
Substrate 2
Density 1
Sub*Den 2
error 128
2855.17
61.87
2027.27
9121.89
1427.5 
61.8
1013.6 
71.2
** (P<.01)
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Table 12. Analysis oi variance for the variable total length
in the substrate experiment.
Source__________ df_________ Sum of Squares Mean Squares
j)(^[
Substrate 4 1349.15 337.3
error 421 38679.08 91.9
** (IX. 01)
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Table 13. Analysis of variance for the variable total length
in container size study 1.
Source__________ df_________ Sum of Squares_____Mean Squares
Size 3 250.85 83.6**
error (a) 20 240.09 12.0
Period 3 1644.82 548.2**
Mg Me
Size*Period 9 121.45 13.5
error (b) 53 180.22 3.4
(P<.01)
89
Table 14. Analysis of variance for the variable total length
in container size study 2.
Source df  Sum of Squares_____Mean Squares
Size 2 9955.75 4977.8
error (a) 27 2115.36 78.3
Period 7 13834.57 1976.3
Size*Period 14 3276.35 234.0
error (b) 178 1050.55 5.9
**
(P<.01)
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Table 15. Analysis of variance for the variable total length
in the density-temperature study 1.
Source df Sum of Squares Mean Squares
Temperature 3 12923.61
**
4307.8
Density 3 3452.18 1150.7
Temp*Density 9 696.73 77.4 NS
error 137 12468.91 91.0
**
(P<.01)
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Table 16. Analysis of variance for the variable total length
in the density-temperature study 2.
Source df Sum of Squares Mean Squares
Temperature 3 670.28 223.4 NS
Density 3 1151.37
♦ *
383.7
Temp*Density 9 1917.43 213.0 NS
error 119 11152.59 93.7
**
(Pc.Ol)
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